The results of glancing incidence absorptance measurements performed on diamond-turned copper mirrors are presented. A photoacoustic calorimetry technique is used in which the output from a low power, chopped cw Nd:YAG laser (1.06 pm) is incident upon the mirror at angles of incidence from 0 to 87 °, for both s and p-polarizations. Measurements are obtained as a function of the diamond turning groove orientation with respect to the plane of incidence.
Introduction
In certain high -power laser applications, glancing or grazing incidence mirrors may be needed because of their high reflectivity.
The glancing incidence properties of bare metal1 and dielectric overcoated metal2 mirrors have been recently measured.
This paper presents the results of glancing incidence measurements performed on diamond-turned copper mirrors.
Of obvious interest in these measurements is the dependence on the diamond turning groove orientation with respect to the plane of incidence and the polarization of the laser beam.
Description of experiment
The apparatus used to measure the absorptance characteristics of the mirrors has been described elsewhere.3 It uses photoacoustic calorimetry in which the piezoelectric transducer is attached directly to the back of the mirror substrate. The laser used during this work is a cw Nd:YAG (1.06 pm), which delivers <150 mW of laser power in a 0.8 mm 1 /e2 diameter spot on the mirror surface. The output from the laser is chopped, travels through a collimating telescope and polarizing elements, and reflects off the copper mirror mounted on a rotation stage.
A high signal -to -noise ratio is achieved by using a phase sensitive lock -in amplifier to detect the output from the piezoelectric transducer.
Absolute absorptance is determined using either a Carey Spectrometer Model 2390 or a laser energy ratiometer. The spectrometer gives typical absolute absorptance values for the diamond-turned copper mirrors tested of 1.2% at 1.06 pm.
The mirrors were fabricated at Lawrence Livermore National Laboratory on the PERL (Precision Engineering Research Lathe) machine. Two mirrors were tested during this program; each was from a different set of four identical ones that were diamond-turned off -center.
The inside edges of the four mirrors were on a 2.41 cm diameter circle centered on the spindle.
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Description of experiment
The apparatus used to measure the absorptance characteristics of the mirrors has been described elsewhere.
It uses photoacoustic calorimetry in which the piezoelectric transducer is attached directly to the back of the mirror substrate. The laser used during this work is a cw NdiYAG (1.06 /Jm) , which delivers <150 mW of laser power in a 0.8 mm 1/e diameter spot on the mirror surface. The output from the laser is chopped, travels through a collimating telescope and polarizing elements, and reflects off the copper mirror mounted on a rotation stage. A high signal-to-noise ratio is achieved by using a phase sensitive lock-in amplifier to detect the output from the piezoelectric transducer.
Absolute absorptance is determined using either a Carey Spectrometer Model 2390 or a laser energy ratiometer. The spectrometer gives typical absolute absorptance values for the diamond-turned copper mirrors tested of 1.2% at 1.06 /ttn.
The mirrors were fabricated at Lawrence Livermore National Laboratory on the PERL (Precision Engineering Research Lathe) machine. Two mirrors were tested during this program; each was from a different set of four identical ones that were diamond-turned off-center. The inside edges of the four mirrors were on a 2.41 cm diameter circle centered on the spindle.
The mirrors consist of copper electroplated (UBAC) onto a 3.81 cm diameter x 0.635 cm thick stainless steel substrate. The absorptance characteristics for s-polarized light of the first of the two mirrors are given in Fig. 1 . The small diameter of the mirror limited the largest angle which could be tested to 87 °. Figure 1 (a) is with the grooves parallel to the plane of incidence, and Fig. 1(b) is with the grooves perpendicular to the plane of incidence. Error bars on the data points represent the reproducibility of the photoacoustic calorimetry measurement; when the error bars are absent, it is because they are smaller than the size of the dot used to plot the data. The actual values for the absorptances plotted in Fig. 1 are tabulated in Table 2 . Examining the value of the absorptance at 87 °, it is clear that the absorptance is significantly smaller when the grooves are oriented parallel to the plane of incidence (0.050% absorptance) rather than perpendicular to the plane (0.078% absorptance). 
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Experimental results
The absorptance characteristics for s-polarized light of the first of the two mirrors are given in Fig. 1 . The small diameter of the mirror limited the largest angle which could be tested to 87*. Figure 1 (a) is with the grooves parallel to the plane of incidence, and Fig. 1 (b) is with the grooves perpendicular to the plane of incidence. Error bars on the data points represent the reproducibility of the photoacoustic calorimetry measurement; when the error bars are absent, it is because they are smaller than the size of the dot used to plot the data. Table 2 . Examining the value of the absorptance at 87*, it is clear that the absorptance is significantly smaller when the grooves are oriented parallel to the plane of incidence (0.050% absorptance) rather than perpendicular to the plane (0.078% absorptance). The experimental results can be compared with the theoretical absorptance for a bare metal mirror as predicted by the Fresnel equations. 4 Values for the index of refraction, n, and the extinction coefficient, k, for copper at 1.06 pm must be substituted into the Fresnel equations.
There are many sources in the literature for these values;5 -9 in this paper, the values of n (0.362) and k (7.078) measured by Hagemann et al. 5 are used.
Other sources in the literature have quoted Hagemann's values;10,h1 however, it should be noted that these values may not be necessarily appropriate for UBAC copper.
Although there may be some disagreement regarding the best values of n and k to use in the theoretical equations, the data on the diamond-turned copper mirrors stand alone by themselves and do not rely on knowing the values of n or k.
The Fresnel equation prediction is given as the solid curve in Fig. 1 .
Although there is good agreement between the data and the theory in the overall curve shape, there is significant differences in absolute magnitude. Again, this difference may be because the values of n and k used are not valid for UBAC copper. Figure 2(a) is for the grooves oriented parallel to the plane of incidence and Fig. 2(b) is for the grooves aligned perpendicular. Besides good overall agreement in curve shape between the data and theory, there is essentially no difference in the data between the two different groove orientations.
This can be seen clearly in Table 3 , which is a tabulation of the data plotted in Fig. 2 .
Absorptance measurements of the second diamond-turned mirror give results very similar to the first mirror.
The first mirror had some very small spots on its surface that did not interfere with the glancing incidence measurements.
The second mirror had a clean surface, but unfortunately, it was accidentally scratched before being tested. A screwdriver fell onto the mirror surface; the shaft of the screwdriver dropped nearly parallel to the mirror surface, bounced once, and landed off the mirror. The shaft of the screwdriver has a square cross-section; evidently the corner edge of the shaft struck the mirror surface, since only a single, well-defined scratch was left after the accident. The experimental results can be compared with the theoretical absorptance for a bare metal mirror as predicted by the Fresnel equations.
Values for the index of refraction, n, and the extinction coefficient, k, for copper at 1.06 pm must be substituted into the Fresnel equations. There are many sources in the literature for these values; ~ in this paper, the values of n (0.362) and k (7.078) measured by Hagemann, et al. are used. Other sources in the literature have quoted Hagemann's values; ' however, it should be noted that these values may not be necessarily appropriate for UBAC copper. Although there may be some disagreement regarding the best values of n and k to use in the theoretical equations, the data on the diamond-turned copper mirrors stand alone by themselves and do not rely on knowing the values of n or k.
The Fresnel equation prediction is given as the solid curve in Fig. 1 . Although there is good agreement between the data and the theory in the overall curve shape, there is significant differences in absolute magnitude. Again, this difference may be because the values of n and k used are not valid for UBAC copper. Figure 2 shows the absorptance characteristics of the first mirror for p-polarized light. Figure 2(a) is for the grooves oriented parallel to the plane of incidence and Fig. 2(b) is for the grooves aligned perpendicular. Besides good overall agreement in curve shape between the data and theory, there is essentially no difference in the data between the two different groove orientations. This can be seen clearly in Table 3 , which is a tabulation of the data plotted in Fig. 2 .
Absorptance measurements of the second diamond-turned mirror give results very similar to the first mirror. The first mirror had some very small spots on its surface that did not interfere with the glancing incidence measurements. The second mirror had a clean surface, but unfortunately, it was accidentally scratched before being tested. A screwdriver fell onto the mirror surface; the shaft of the screwdriver dropped nearly parallel to the mirror surface, bounced once, and landed off the mirror. The shaft of the screwdriver has a square cross-section; evidently the corner edge of the shaft struck the mirror surface, since only a single, well-defined scratch was left after the accident. Although an unfortunate accident, the presence of the scratch did provide an opportunity to examine the affects of a scratch on the absorptance characteristics of a mirror at glancing incidence. Although an unfortunate accident, the presence of the scratch did provide an opportunity to examine the affects of a scratch on the absorptance characteristics of a mirror at glancing incidence. Figure 3 is a sketch of the surface of the second mirror showing the approximate location of the scratch with respect to the groove orientation. During the absorptance measurements, the laser spot on the mirror becomes very elongated as the angle of incidence becomes large. The measurements normally begin at the center of the mirror and, at the highest angle, the laser footprint extends across the full diameter of the mirror.
As can be seen in Fig. 3 , the laser footprint misses the scratch when the plane of incidence is parallel to the groove direction.
The laser footprint does intersect the scratch when the plane of incidence is perpendicular to the groove direction; however, the intersection only occurs for angles of incidence greater than 86 °. Figure 3 . Sketch depicting the approximate location of the scratch on the surface of the second diamond-turned copper mirror. Figure 4 plots the absorptance characteristics of s-polarized light for the second mirror. The absorptance characteristics with the grooves oriented parallel to the plane of incidence [ Fig. 4(a) ] looks essentially the same as for the first mirror [ Fig. 1(a) ]. This is also true when the grooves are oriented perpendicular to the plane of incidence [ Fig. 4(b) ], except, of course, at 87 °.
The data in Fig. 4 are tabulated in Table 4 . Comparing the absorptance at 87° for the unscratched and scratched mirrors, the scratch apparently causes a 26% increase in absorptance. (a) is for the diamond turned grooves oriented parallel to the plane of incidence; (b) is for the grooves oriented perpendicular to the plane of incidence. The laser beam footprint overlaps the scratch at z87°f or case (b). The bare metal theoretical curves use values for n and k given by Hagemann et a1.5 For completeness, Fig. 5 shows the absorptance characteristics of the second mirror for p-polarized light, and Table 5 lists the values of the data.
Apparently the scratch has minimal effect on the absorptance at this polarization, probably because the absolute absorptance is higher.
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Comparing the absorptance at 87* for the unscratched and scratched mirrors, the scratch apparently causes a 26% increase in absorptance. For completeness, Fig. 5 shows the absorptance characteristics of the second mirror for p-polarized light, and Table 5 lists the values of the data. Apparently the scratch has minimal effect on the absorptance at this polarization, probably because the absolute absorptance is higher. 
Conclusion
Analysis12 shows that the increase in absorptance at glancing incidence, for s-polarized light when the grooves are oriented perpendicular to the plane of incidence, is due to the fact that the walls of the grooves are not parallel to the surface of the mirror.
The angle of incidence of the laser beam with respect to the mirror surface is, on a microscopic level, actually smaller than measured. Hence, the absorptance tends to be higher than expected.
Although the area of the laser beam footprint on the mirror, which overlaps the scratch at 87', is a small fraction of the total area of the elongated laser spot, it still contributes a significant absorption loss. This seems to imply that the absorptance characteristics of the mirrors are more sensitive to surface imperfections at glancing incidence. shows that the increase in absorptance at glancing incidence, for s-polarized light when the grooves are oriented perpendicular to the plane of incidence, is due to the fact that the walls of the grooves are not parallel to the surface of the mirror. The angle of incidence of the laser beam with respect to the mirror surface is, on a microscopic level, actually smaller than measured. Hence, the absorptance tends to be higher than expected.
Although the area of the laser beam footprint on the mirror, which overlaps the scratch at 87*, is a small fraction of the total area of the elongated laser spot, it still contributes a significant absorption loss. This seems to imply that the absorptance characteristics of the mirrors are more sensitive to surface imperfections at glancing incidence.
